Abstract. Forces have been measured in Two Point Incremental Forming and Single Point Incremental Forming of Sheet Metal. It is necessary to know the magnitude of these forces when trying to determine if the equipment available is capable of Forming Sheet Metal by either one of the two foregoing processes. The magnitude of forces is also needed when developing appropriate models for the Incremental Sheet Forming. The forces measured in forming cones and truncated pyramids from AA 3003-0 are described.
Introduction
Asymmetric Single Point Incremental Forming, SPIF, and asymmetric Two Point Incremental Forming, TPIF, are two new sheet metal forming processes which are similar, and which can produce asymmetric shapes [1, 2, 3, 4] . Both processes have their origins in spinning. A review of processes leading up to SPIF and TPIF can be found in reference [4] .
It has been shown, that both SPIF and TPIF can be done on a three axis CNC mill [3] . Potential users of the process are often concerned about the forces that are generated. Although measuring forces in asymmetric increment sheet forming may seem a mundane exercise, the information is necessary and a literature search shows that no information is available about the direct measurement of forces in the asymmetric incremental forming of sheet metal with single point tools. This paper answers that question, for both SPIF and TPIF of 3003-0 Aluminum sheet, 1.21 mm thick.
Description of SPIF and TPIF
Both asymmetric Single Point Incremental Forming, SPIF, and asymmetric Two Point Incremental Forming, TPIF, use a single tool, mounted in the spindle of a CNC Mill, to deform sheet metal. Fig's 1, 2 and 9 give illustrations of both processes. φ  is the drawing angle and α is the spinning angle. Detailed explanations for both processes can be found in references [1, 2, 3, 4] .
Spindle Rotational Speeds
One major difference between the two processes, SPIF and TPIF, is the way the tool moves while deforming the sheet. In the case of the SPIF work described here, two methods have been used: 1) with the spindle not rotating and 2) with spindle rotating. In the case of the TPIF reported the spindle was always rotated.
One reason for concern over the spindle rotational speed, relative to the sheet surface, is the heating that occurs. The most obvious source of heating due to spindle speed is friction. As the tool travels over the surface of the work piece it is also spinning at a certain number of revolutions per minute. If the tool is stopped it will slide along the surface of the material, ploughing material ahead of the tool. In all cases heating will occur due to sliding friction. If the tool is rotated at a high speed, the tool surface will slide over the work piece much more often and there will be excessive heating due to sliding friction. In experimental work, it has been found the relative motion of the surface of the tool to the surface of the work piece is directly proportional to the heat generated by sliding friction.
In the work reported here, the spindle rotates so that the forming tool rolls over the sheet surface. It is necessary to control this variable, because heating of the sheet during its deformation possibly introduces further complication in analyzing the process.
If the relative motion between the tool surface and workpiece is small during forming (i.e. all friction is rolling friction, and not sliding friction) the heating is minimized. In single point forming, the forming tool has a hemispherical shape, which is pressed into the material causing deformation as shown in Fig. 2 . 
Fig. 3. Geometry and speeds in incremental forming
For a given draw angle, φ, there will be a point where the sheet is tangent to the hemisphere. This is the location of the maximum diameter of contact (d max ). From then on the work piece is in contact
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with the tool down to the very bottom of the sphere, at which point the diameter of contact is zero. This is an assumption. The average diameter of contact is therefore half of d max , see Fig. 3 . The desired result is a tool rolling over the surface of the work piece as it is formed. This result requires that the distance traveled along the work piece (i.e. the feed rate) be equal to the average circumference of the tool in contact with the material multiplied by the spindle speed. The following equation, derived in figure 2, describes this mathematically. Spindle speed and feed rate are represented by ω and ν respectively. 
This equation gives the rotational speeds needed for a given feed rate and wall draft angle. This equation may only be used for a tool with a specific hemispherical end of radius, r. All angular speeds are in revolutions per minute.
Sensor Descriptions SPIF Sensor. There are several ways of measuring the forces in SPIF. For this work a cantilever type of sensor was specially designed. The design is based upon other friction measurement work with cantilever beams by Jeswiet [5, 6] . The sensor cantilever design is shown in Fig. 4 . It can be seen to be a spindle mounted cantilever beam with strain gauge Wheatstone bridges, with each bridge designed to measure one of three orthogonal forces: two bending directions, "F r " and "F t ", and one axial direction, "F a ". These three directions are shown in Fig. 4 . The force sensor also includes an encoder for positional information and slip rings for transmission of electronic signals to stationary amplifiers.
This sensor is easily calibrated by simply applying axial and bending loads in the appropriate bridge direction and recording the result. In all three cases the bridges gave a linear output as expected. The calibration was done in situ, as shown in Fig 5. An added attraction of this sensor is it can be used for friction measurement studies. Fig. 4 , however, in this case the gauges are mounted on the static tool support post [7] , as shown in Fig. 6 . The reason for choosing to use the static tool as the sensor, at that time, is it was easier to measure the forces on a static tool, instead of the rotating tool. However, the magnitude of the total forces needed to form the sheet metal should be the same.
The calibration was done in the same manner as the SPIF cantilever sensor. In this case only normal forces were calibrated. The maximum values of force, experienced at a draw angle, φ, can simply be found by dividing by the cosine of the draw angle, φ. These are shown in Fig.'s 7 Figure 9 show details of the pyramid shape and tool path used to make the shape.
The pyramid shape is used in studying springback in the SPIF, and for the ability to form sharp corners in combination with large draw angles. The draw angle, φ, is defined in Fig.'s 5 and 9 . The maximum draw angle, φ max , was found to be an important forming parameter [9, 10, 11] . If the draw angle, at any part of a design, is larger than the maximum draw angle, φ max , then the part cannot be formed in one direct pass and other strategies must be taken. The force measurement results for the part shown in Fig. 9 , are shown in Fig. 10 . The data presented in Fig. 10 is at different points in the forming process of the truncated pyramid. Snapshots have are taken of the forces at percent completion of the part. These snapshots show how the forces vary at different points in the process. It can be seen the maximum forces encountered are around F a = 450 N in the axial direction, for 1.21 mm thick AA 3003-0. For other materials the forces will be much higher, for instance steel will probably have forming forces which are at least three times larger, a direct result of the higher strengths. It can also be seen the forces for SPIF and TPIF are the same magnitude. Fig. 9 . Tool path development in forming a truncated pyramid. To is the initial thickness of the sheet, r is the tool radius, φ is the drawing angle, ∆z, is the vertical step down, and ∆x is the corresponding horizontal step
Forces measured in forming a pyramid. It can be seen that much of the forming energy goes into the pushing down force, F a . F b , is the resultant of F t and F r , and is much lower than F a , the axial force. The negative values observed in the values for F t are unexpected. There are two possible explanations for this. 1) a small eccentricity in the forming tool, 2) at that instant, the springback in the sheet is large enough to push the sensor in the opposite direction, 3) the signal may be a combination of both the foregoing. If observation 2) is true, this means the tool shown in Fig. 4 can also be used for springback measurement in forming sheet metal by SPIF. This is under further investigation.
Conclusions
Forces, that occur in deforming 1.21 mm thick 3003-0 Aluminum sheet, have been measured successfully, with two separate sensor designs and for two separate types of Incremental Forming of sheet metal, SPIF and TPIF.
In additional, peak forces can be observed in the area where failure occurs at maximum draw angles, φ max .
